Abstract. In the sixties and seventies, erythrocytes or red blood cells (RBCs) were extensively studied. Much has been learnt particularly concerning their metabolism and gas transporter function.
Introduction
Erythrocytes are the major cell component of blood. These red cells are a product of a differentiation process that starts in the bone marrow where hematopoietic stem cells differentiate to nucleate RBCs. After extrusion of nuclei and degradation of endoplasmic reticulum, reticulocytes emerge in the circulation; here they rapidly develop into mature RBCs 8 µm biconcave disk and with 120 days life span [36] . Despite these features, the protein and lipid composition of the RBCs is subject to change during its life-time. This can be particularly observed at the level of its plasma membrane.
The RBC membrane content is similar with most of animal membranes and it is composed by: 19.5% (w/w) of water, 39.5% of proteins, 35 .1% of lipids and 5.8% of carbohydrates [52] .
Interestingly during several years scientist believe that RBC membrane was composed just by a punch of lipids and one single protein. In the 20th century, during the 1960s and 1970s, several methods were developed to analyze red cell membrane content in normal RBCs. Amazingly, the first studies using a sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) reveal that red cell membrane ghosts had more than just one single protein, indeed it became clear that RBC membrane composition just started to be uncovered. Nowadays Pasini et al. had already made the identification of at least 340 different red cell membrane proteins [36] .
Haemoglobin is the major protein in RBCs, and it gives to red cells the ability to transport oxygen and carbon dioxide to and from tissues, for this reason the membrane of RBCs is extremely important for them. This highly and specialized function of transport oxygen and carbon dioxide, is known to be the main one of red cells in blood, however there are some others also very important such as nitric oxide transportation and signalling. Surprisingly several recent studies [16, 27, 45, 46] reveal that RBCs have also the ability to express numerous adhesion molecules. Additionally RBCs are being recognized to have other functions, that 40 years ago were unthinkable, such as the transport of iC3b/C3b-carrying immune complexes [36] or even an influencing factor on leukocytes and platelets margination and adhesion due to one of the most studied features of red cells, aggregation [33] . Concerning RBCs main functions any abnormality that occurs in red cell membrane could be a problem or even fatal.
The first disorder exhaustively studied was hereditary elliptocytosis (HE) after that several more disorders were being identified until our days. There are red cell protein disorders and also red cell lipid disorders. However the lipid disorders appear to be more atypical than the protein ones. Yawata et al. [52] had detected a significant number of patients with hereditary high red cell membrane phosphatidylcholine haemolytic anemia (HPCHA), the most common lipid disorder known until now.
This minireview will be focus on the RBCs membrane structure, composition and organization.
RBC membrane lipids
The RBC membrane is composed by 60% of phospholipids, essentially phosphatidylcholine (PC), phosphatidylethanolamine (PE), sphingomyelin (SM) and phosphatidylserine (PS). It has also some phospholipidic minor components such as phosphatidylinositol (PI), PI-monophosphate (PIP), PI-4,5-bisphosphate (PIP 2 ), phosphatidic acid (PA), lysophosphatidylcholine (Lyso-PC) and lysophosphatidylethanolamine (Lyso-PE). Non-sterified cholesterol represents about 30% of the lipidic RBC composition, and the last 10% are glycolipids [52] . At the physiologic pH, the majority of phospholipid content is electrically neutral, although PS, PA and PI are negatively charged. With the exception of SM and lyso-PC, the bulk of phospholipids have two fatty acid chains attached to a glycerol backbone. The most common fatty acids in human lipid bilayer membranes are usually the following: (16:0, 18:0, 18:1, 18:2 and 20:4). Concerning the glycolipid content, it is mainly based on sphingosine, such as glycosphingolipids. It is known that the sugar residues present in glycolipids are responsible for numerous functions such as adhesiveness to the extracellular space. Those reasons explain the location, almost exclusively, of glycolipids to the outer leaflet of the bilayer.
In all eukaryotic membranes lipids are asymmetrically distributed across the bilayer plan, this is known as trans asymmetry. This asymmetric distribution has a very important structural and functional role. In human RBCs, PS and PE are located almost entirely in the inner monolayer while PC and SM are more common in the outer leaflet. An exposure of PS in the outer surface leads to several mechanisms to achieve cell death, apoptosis [52] . This lipid asymmetry reflects a steady state that involves a constant exchange of phospholipids by a flip/flop mechanism between the two lipid leaflets. The transmembrane shuttle of these phospholipids in biological membranes is extremely fast. Interestingly membrane phospholipids asymmetry results from a balance between an active translocation of PS and PE and a passive slow bidirectional flip/flop movement of phospholipids [52] . The trans asymmetry is produced and maintained by an adenosine triphosphate (ATP) dependent transport system. Two important enzymes are responsible for the translocation of phospholipids: flippase is responsible for translocate PS and PE from the outer to the inner leaflet, floppase catalyzes the translocation of the other lipids from the inner to the outer leaflet of the bilayer. Additionally flippase is recognized as a member of the Mg 2+ dependent enzyme and P-glycoprotein ATPases family whereas floppase is a multidrug resistance protein 1 (MRP1) family member.
As mature RBC are not able to synthesize lipids de novo, the repair and renewal of phospholipids is dependent on several mechanisms, for instance lipid exchange and acylation of fatty acids with plasma lipoproteins [52] .
Red cell deformability is one of the most known and unique characteristics of RBC [2, 47] . The RBC shape is ultimately determined by membrane proteins, especially spectrin network, and also by the lipid bilayer content [52] . RBC are able to maintain the its discoid shape, and yet allowing cytoskeleton rearrangements that permit it to pass through capillaries, and then restore again its normal shape without cell fragmentation [36, 52] . Considerably lipids are crucial in the maintenance of RBC shape. Minimal changes in the surface area (inner or outer) could be liable for several abnormalities either in morphology or function as will discussed later on in RBC disorders topic.
Red cell membrane fluidity is also a very important and crucial point for the red cell functions. Membrane lipid fluidity is in general dependent on several factors, such as (a) the class of phospholipids, (b) the degree of saturation of the fatty acids, (c) the length of the acyl chains, (d) the type of cholesterol (free or esterefied) and also (e) the presence or absence of amphipathic compounds such as lysophosphatides. For example, as the degree of desaturation of fatty acids increases, the packing of hydrophobic tails in the core of the bilayer is increasingly disrupted, thereby enhancing the membrane fluidity. Interestingly fatty acid composition in mammalian erythrocytes has also an enormous influence on cellular aggregation, besides other factors of course [38] .
A last point concerning lipids will be the specific membrane domains, usually called as lipid rafts. This subject will be discussed following.
Lipid-rich microdomains/Lipid rafts
Lipid rafts are lipid-rich microdomains that are characterized by having a low density and being insoluble in cold nonionic detergents. They have several acronyms such as detergent-resistant membranes (DRM), Triton-insoluble membranes (TIM) and triton-insoluble floating fractions (TIFF) [37] . Lipid rafts have a high level of organization. As they are enriched in cholesterol and glycosphingolipids (such as gangliosides (Gang) and sulfatides) with saturated fatty acylchains they possess a lower fluidity than bulk plasma membrane that contains less cholesterol, SM and Gang, and more phospholipids with unsaturated acyl chains [30, 37, 52] .
These microdomains contain over 4% of total RBC membrane protein [19] . The major integral proteins in RBC rafts are stomatin, flotillin-1 and flotillin-2 [42, 52] . Duffy protein receptor and glycosylated phosphatidylinositol-anchored proteins (GPI-proteins: CD55, CD58, CD59) are also characteristic of lipid rafts [37] .
Accordingly to a more conservative interpretation, lipid rafts are probably structures with an average diameter in the range of 100-200 nm [30] . Still different methodological approaches may yield different interpretations. There are specialized lipid rafts with different protein or lipid composition. For instance, a subclass of lipid rafts, caveolae, are specifically enrich in protein caveolin. Importantly, these lipid rafts have been implicated in specific signalling functions.
During this last decade several studies point out to a very important role, or even a key role of red cell lipid rafts in regulating parasite infections, such as in the malarial infection [32, 43] .
RBC membrane proteins
Red cell membrane proteins are classified into two groups according to the easiness with which they can be separated from membranes. Some are easily isolated by high-or low-salt or high-pH extraction, perhaps because they appear to be connected with only one face of the membrane. This group of proteins is commonly called as the "peripheral proteins", such as spectrins. A second group, the "integral proteins", can be extracted only by harsh reagents, frequently detergents, since they are strongly embedded into or through the lipid bilayer. Band 3 and glycophorins are the most representative integral proteins (see Fig. 1 ).
Additionally, erythrocyte membrane proteins can also be categorized in terms of protein function into three groups (a) cytoskeletal proteins (spectrin, actin, protein 4.1, etc.), (b) integral structural proteins (band 3, glycophorins, etc.) and (c) anchoring proteins (ankyrin, protein 4.2, etc.).
In the further topics the structural and functional aspects of the most important proteins (see Table 1 ) of red cell membrane will be discussed generally.
Integral proteins

Band 3
Protein band 3 or anion exchanger (AE1) is the major integral protein present in RBC membrane (10 6 copies per cell). It is a 911 amino acid multispanning membrane protein with molecular weight of 100 kDa, with 12-14 transmembrane (TM) segments [39] .
Band 3 has an N-terminal cytoplasmic domain (amino acid 1-359) that can be associated to several proteins. This domain is responsible for the main membrane anchorage site of cytoskeleton. Therefore it is very important for the flexibility and rigidity of RBC. The N-terminal domain is the site for binding of ankyrin, proteins 4.2 and 4.1, and also glycolytic enzymes (GEs) and haemoglobin [4, 8, 9, 31, 35, 39, 41, 52, 53, 55] . The band 3 C-terminal domain (amino acid 360-911) carries out the anion exchange. It is formed by 12-14 TM segments with a short cytoplasmic tail (33 amino acids). Additionally it is responsible for the binding of carbonic anhydrase II [4, 8, 9, 31, 35, 39, 41, 51, 53, 55] . Although band 3 exists in RBC membrane as dimers (70%) it can also be present as tetramers or higher order oligomers (30%) (Fig. 1) . The tetrameric form binds basically protein 4.2 and ankyrin [38] . Altogether, B3 and respective associated proteins are known as the B3 macrocomplex. B3 macrocomplex is also related with glycophorin A and RhAG and/or Rh complex [51] .
Like several other structural proteins, band 3 configuration can also be modulated by phosphorylation -via phosphotyrosine kinases (PTKs) like p53/56
Lyn -or dephosphorylation -via phosphotyrosine phosphatase (PTP). These biochemical reactions are responsible for instance for the release of GEs to the cytoplasm and their subsequent activation [3, 9, 35, 41, 56] .
Glycophorins: Glycophorin A (GPA)
Sialic acid residues are abundant in negatively charged RBC surface. This negative net charge is mostly conferred by the sialic residues (60%) present in Glycophorin A (GPA) (Fig. 1) , but also in other glycophorins (GPs), band 3 and some glycolipids. The negative surface charge of RBC plays a crucial role in modulating RBC-RBC interactions and as well RBC interactions with vascular endothelium and the other circulating blood cells [46, 52] .
Glycophorins or syaloglycoproteins are about 2% of total RBC membrane protein [52] . Among them GPA is the major constituent representing 1.6% of total RBC membrane protein. Others such as GPB/E, similar to GPA, and GPC/D are present in lower amount. Interestingly GPC/D are non erythroid-specific.
Glycophorins have three domains, (1) a cytoplasmic domain, which contains a cluster of basic residues that are located near the plasma membrane, (2) a hydrophobic domain which exists as a single α-helix spanning the lipid bilayer and (3) a extracellular domain which is heavily glycosilated [52] .
GPA is a 131 amino acid syaloglycoprotein with an extracellular N-terminal. It has a single TM span and a cytosolic C-terminal tail. Nowadays, it is known that there is an important connection between GPA and band 3 during their biosynthesis and trafficking to plasma membrane [51, 52] . In fact, band 3 is critical for GPA synthesis and stability. This GP is tightly associated to protein band 3 in RBC membrane. Accordingly they are present in similar amounts about 10 6 copies per cell. The interaction between these two main integral proteins of RBC membrane originates the Wright (Wr b ) antigen [39, 51] . Total surface charge density is not affected in GPA-deficient red cells. However, they exhibit increased glycosylation of band 3, probably due to the addition of excessive sialic acid, which should have been present on the GPA protein [52] . These cells maintain a normal RBC shape and deformability, thus suggesting that GPA may not be crucial to the RBC mechanical stability, deformability and shape change.
Blood group antigens
Human beings can be classified into several different blood groups. The ABO blood group system is the mostly used. However there are more, such as Rh blood group, P blood group, Lutheran blood group, Kell blood group, Lewis blood group, Puffy blood group, Kiddy blood group, LW blood group, li blood group and the Diego and Wright blood group antigens on band 3. There are also some other minor blood group antigens such as Chido and the Rodgers blood group systems. These diverse blood group systems comprise about 243 different determinants expressed in RBC membrane [52] .
Anchoring and cytoskeleton proteins
Erythrocyte cytoskeleton is bound to the erythrocyte membrane through high-affinity protein-protein interactions, [1, 3, 4, 11, 17, 19, [23] [24] [25] 31, 34, 35, 40, 41, 50, 52, 55, 56] . The two major membrane protein responsible for the attachment of the cytoskeleton network to the RBC membrane are band 3 and GPC/D (see Fig. 1 ). The first one is band 3 macrocomplex in which ankyrin/protein 4.2 are responsible for the interaction with the cytoskeleton, spectrin/actin complex. Ankyrin is an anchoring protein that bridges the tight association between spectrin and band 3 [11, 24, 50] . The binding can be modulated by the extent of phosphorylation by protein kinase A (PKA), casein kinase I or cyclic AMP-independent protein kinase. Protein 4.2 is also an anchoring protein that interacts with ankyrin and participates in band 3 macrocomplex structure. This protein has also an important role in the interaction between protein band 3 macrocomplex and the Rh complex, by its interactions with CD47 [52] .
The second attachment point is composed by GPC/D that can interact with the protein 4.1 complex and as well with the spectrin/actin complex [1, 4, 17, 24, 31, 34, 35, 41, 50, 52, 55] . There is also a minor site of attachment between cytoskeleton and RBC membrane in which protein 4.1 complex binds to the tetrameric form of band 3 and spectrin/actin (see Fig. 1 ) [1, 19, 24, 25, 34, 35] .
The three principal "cytoskeleton proteins" are spectrin (α and β), actin and protein 4.1. These three proteins form the "junctional complex" [52] . The erythrocyte membrane-cytoskeleton interactions involving this complex can be modulated by phosphorylation of 4.1R by protein kinase C, PKA, calmodulin or casein kinase. These phosphorylations lead to a decrease of the interactions between 4.1R-spectrin-actin and also 4.1R-Band 3 or 4.1R-GPC/D [19, 25] . RBC membrane deformability is highly dependent of these interactions [35] .
Importantly, the erythrocyte cytoskeleton and the bilayer membrane are attached not just by proteinprotein interactions, as it was mentioned above, but also by protein-lipid interactions, for instance, by a direct spectrin-lipid interaction mainly with PE [11, 40] .
RBC adhesion molecules
RBCs are generally considered nonadhesive cells. However, several studies have reported the expression of a large number of adhesion molecules in RBC such as CD44, CD47, CD58, LW/ICAM-4, RAGE and Lu [5] [6] [7] 12, 16, 18, [20] [21] [22] 26, 28, 36, [44] [45] [46] 48, 49, 54] . Many of these adhesion proteins belong to the Immunoglobulin superfamily (IgSF) of proteins [5] . Adhesion molecules play a crucial role in cellcell and cell-tissue interactions. Additionally, they have been implicated in a large range of biological functions such as erythropoiesis (differentiation, maturation, enucleation and release of RBCs), selfrecognition mechanisms, red cell turnover and cell aging [20, 22, 46] . The several adhesion molecules are differentially expressed at distinct stages of the life of RBCs (see Table 2 ) [20] .
Normal RBCs do not adhere to circulating cells and vessel walls under normal circumstances, suggesting that RBC adhesion molecules could be inaccessible to their ligands. However RBCs become more adherent during particular haemostatic conditions (for instance, clot formation), inflammatory process, pathologic occlusion conditions and sickle cell disease [18, 20, 48, 54] .
The array of adhesion molecules that will be described following suggest the idea that RBCs have at least the potential capability of adhering to a number of ligands including thrombospondin, fibronectin, laminin, hyaluronan, and thus to other cellular types such as endothelial cells and leukocytes.
LW/ICAM-4
LW is also known as intercellular adhesion molecule-4 (ICAM-4) or CD242. This glycoprotein is an erythroid-specific membrane component that may potentially play a role in adhesion or cell interaction events including hemostasis and thrombosis [18, 20, 22, 26, 45, 46] . ICAM-4 apparently is expressed as part of the Rh macrocomplex in RBC membrane [45, 46] . ICAM-4 is a member of the ICAM family. The primary cellular counter-receptor is leukocyte specific β 2 integrins [10, 14] . However ICAM-4 is an unusual ICAM because it interacts with several types of integrins expressed on blood and endothelium cells [18, 20, 22, 26] . This glycoprotein binds to CD11a/CD18 (LFA-1 or α L β 2 integrin), to CD11b/CD18 (Mac-1 or α M β 2 integrin), and to α 5 integrins Table 2 Adhesion molecules expressed by circulating erythrocyte on nonhemopoietic cells; α 4 β 1 on hemopoietic cells, and α IIb β 3 on platelets [2, 22, 26] . ICAM-4 has also been recently shown as a ligand for monocyte/macrophage-specific CD11c/CD18 [22] . Selective binding of ICAM-4 to different integrins may be important for a variety of normal RBC functions, and also relevant to the pathology of thrombotic events in sickle cell disease.
B-CAM/LU
Basal-cell adhesion molecule or Lutheran blood group glycoprotein (B-CAM/LU) was firstly described as a protein expressed at the basal surface of epithelial cells. This protein has a type-1 transmembrane glycoprotein containing five IgSF domains: two V-types and three C2-types [45, 46, 48, 54] .
B-CAM/LU is a laminin-α5 receptor relatively inactive in normal RBC surface. Interestingly, it is highly expressed in sickle RBCs (SS RBCs) surface. The increase of adhesion to lamin in SS RBCs may be connected with the increase expression of B-CAM/LU in these cells [48, 54] .
CD47
CD47 is a 50 kDa and highly glycosilated plasma membrane. It can also be called as integrinassociated protein (IAP) because its functions have been best studied in relation to integrin signalling. It is a transmembrane glycoprotein with five membrane spanning domains and a single extracellular V-type immunoglobulin super family (IgSF) domain [6] .
This glycoprotein is associated with the Rh macrocomplex and with the cytoskeleton. It is functionally coupled to heterotrimeric Gi proteins, signal regulatory protein (SIRPα) and cholesterol [7] . CD47 is a member of the thrombospondin (TSP) family member receptor [5] [6] [7] 12, 45, 46] and it can interact with several integrins of the β 1 , β 2 and β 3 families modulating platelet activation, cell motility, cell adhesion, leukocyte adhesion, migration and phagocytosis [7] . CD47 cellular functions are associated to the Ig domain that is required for the establishment of interactions with its associated integrins, its ligand TSP and SIRPα [5] [6] [7] 12] .
In mature RBCs, CD47 has been suggested to mediate cell-cell interaction with SIRPα of splenic macrophages, and to inhibit a phosphorylation cascade that blocks phagocytosis and prevents RBC clearance from the circulation [6] .
In SS RBC, the binding of TSP to CD47 generates an intracellular signal that increases SS RBC adhesiveness. This signal is commonly associated to vaso-occlusive events [5, 6, 12] . CD47 SS RBCs structure is different from the structure of CD47 expressed in normal RBCs. This structural change is responsible for higher ability of SS RBCs to adhere at the endothelium using TSP as a mediator [6] .
Sialyl moieties
Sialic acid residues are largely abundant in red cell surface. These residues are mostly present on glycophorins (especially in GPA) but also in band 3 and glycolipids. At physiological pH, sialic acids are negatively charged conferring a halo negative charge to RBCs. This charge usually helps to minimize the interactions between RBCs and also with other blood cells [52] . RBCs aggregation is frequently associated to functions such occlusion of sites of vascular interruption by platelets or as a preliminary stage in the migration of leukocytes out of blood stream and into tissues in the inflammatory process [44, 51] . It appears however, that sialic acid residues presented mainly in GPA, could in a certain way help cell-cell interaction of RBCs. In a previous study it was shown that Le a/b antigen present in RBC surface are capable of interacting, even with low affinity, with P-selectin, an integrin that contributes to the specificity of interactions among endothelial cells, platelets and leukocytes during inflammation [28] . Matsui et al. have shown a decrease of the adherence of normal and SS RBC to P-selectin, using a P-selective blocking monoclonal antibodies or sialyl Lewis tetrasaccharide. In pre-treating RBCs with sialidase their adherence to activated endothelial cells and immobilized recombinant P-selectin is largely reduced [14] . Additionally sialic acid residues are responsible for the increased adhesion of RBCs to several components of the extracellular matrix, such as laminin and thrombospondin [21] .
Disorders on red blood cell membrane
In clinical haematology, RBC shape abnormalities are still widely used for first step-diagnoses before further detailed characterization of the phenotypes and genotypes of RBC membrane disorders. Interestingly RBC membrane disorders can be regarded either as: (1) abnormalities in vertical interactions of membrane components, or (2) those in their horizontal interactions [52] .
An abnormality in vertical interactions occurs mainly in spectrin-ankyrin-band 3 interactions, the protein 4.1-GPC linkage and also at the level of the interaction of skeletal proteins with membrane lipids (PE and PS mainly) [52] . The abnormalities in horizontal interactions usually concern either the selfassociation of spectrin to form its tetramers, which are the most important component of the cytoskeleton network or its interactions to protein 4.1 and/or actin [52] .
It has been observed that several of the RBC disorders are tightly associated with mutations occurring in genes codifying for different RBC membrane proteins (see Table 1 ). For instance, Hereditary Spherocytosis (HS), Hereditary Elliptocytosis (HE) and Southeast Asian Ovalocytosis (SAO) are associated to mutations in peripheral proteins [10, [13] [14] [15] 29, 52] . A deficiency of spectrin occurs in HE and HS, while B3 gene mutations are associated with SAO and also HS [10, [13] [14] [15] 29, 52] . In Europe about 30% of the cases of HE has a deficiency in protein 4.1 levels in RBC membrane.
A deficiency in a protein can lead to a secondary reduction of another one. This is the case for instance of a rare type of HS. In this disease the reduction or absence of protein 4.2 is associated to a secondary decrease of CD47 levels, which affects the interaction of B3 macrocomplex with Rh complex [13, 15, 53] .
Lipid disorders, with a hereditary origin, are apparently rarer than the protein ones. Interestingly, Japanese people seem to be more affected by these disorders than occidental nations. One explanation to this concern the different screening systems used to detect abnormalities of RBC membrane components in different countries or even institutions [52] . The RBC membrane lipid anomalies can be due to a strong abnormal membrane lipid composition, like in hereditary high red cell membrane phosphatidylcholine haemolytic anemia (HPCHA), or to abnormalities in plasma factors such lipoproteins and enzymes, which are observed in α and β lipoprotein deficiency or in lecithin: cholesterol acyltransferase deficiency.
Conclusions
Red blood cells are the main cells in circulation. As it was reviewed in this article, erythrocytes have a very particular membrane structure and composition that supports their features and functions. It has been recently shown that RBCs have the ability to express adhesion molecules on their membrane. These studies may actually open new horizons for the study of the biological functions of erythrocytes in circulation.
